of adult dystrophy, has been shown to be caused by amplification of CTG triplet repeat in the 3' untranslated region of a protein kinase gene located on chromosome 19 . Impaired glucose metabolism has been suggested as a possible explanation of brain and skeletal muscle involvement in this multisystem disease. We investigated whether myocardial glucose metabolism is impaired in myotonic dystrophy and whether this impairment is related to the size of the mutation. Methods and Results The myocardial metabolic rate for glucose (MMRGlu, ,mol * min'* g-'), Kl (blood-to-tissue transfer constant), k2 (tissue-to-blood transfer constant), and k3 (phosphorylation rate constant) were determined in 7 control subjects and 12 patients with myotonic dystrophy by using parametric images generated from dynamic cardiac positron emission tomography (PET) and '8F-fluoro-2-deoxyglucose studies. The expansion of the CTG triplet repeats was analyzed in patients with the probe cDNA25 after EcoRI digestion. Nonparametric tests were used to compare quantitative variables between control subjects and patients. The correlations between the size of the mutation and PET parameters were studied by linear regression. MMRGlu and k3 were significantly decreased in patients compared with control subjects (0. to the failure of heart to appropriately adapt to stress and onset of myocardial dysfunction.
The aim of the present study was to study myocardial glucose utilization in adults with DM and without clinical myocardial involvement under the condition of enhanced myocardial glucose consumption.
Methods
The study protocol was approved by our institutional ethics committee. All subjects gave informed consent.
Study Population Patients
Twelve patients with DM took part in the study. All of them completed the established clinical and electromyographic criteria for definite DM.12 All patients were ambulatory, and none had a past history of ischemic heart disease. The patients with DM, who were incapable of exercising on a treadmill or bicycle, underwent intravenous dipyridamole 2Ofl1 imaging and resting "Tc radionuclide angiography to assess myocardial perfusion and left ventricular ejection fraction, respectively.
When there were defects at 20`T1 imaging, the patients underwent coronary angiography. The patients with DM were enrolled in the study if they had a normal 20`TI scan and/or coronary angiogram and if they had left ventricular ejection fraction of >45%.
Control Subjects
Seven age-and sex-matched subjects volunteered; none had a past history of coronary artery disease, and all had normal clinical, ECG, and echocardiography examinations.
Positron Emission Tomography Imaging
Before the study, an indwelling catheter was inserted in a forearm vein, allowing intravenous injection of tracers and blood sample withdrawal for biological measurements.
Data Acquisition
Subjects were positioned in the TTV03 time-of-flight positron emission tomography (PET) scanner (LETI, CEA). This instrument allows acquisition of seven cross-sectional images, 12 mm apart, with 7-mm in-plane resolution on a reconstructed image using a modified Hanning window function. The axial resolution is 9 mm for a direct plane and 7 mm for a cross plane. Transmission scans were obtained with a retractable '"Ge ring source and used for subsequent attenuation correction of the emission scans. To check positioning of the heart in the center of the field of view, we recorded a 5-minute rectilinear transmission scan before the examination. Correct positioning was maintained throughout the study by the use of laser beams and skin marks placed on the subject's torso.
In myocardial blood flow (MBF) experiments, subjects and patients received an intravenous bolus injection of H215O (0.30 mCi/kg). Data were acquired in list mode during the 5 minutes after the occurrence of blood radioactivity in the left ventricular cavity. A dynamic series of images (15 x 4 seconds, 18 x 10 seconds) was reconstructed using a backprojection algorithm and a 0.5 mm-1 cutoff frequency-modified Hanning filter.
Images were corrected for attenuation, random events, dead time losses, and scattered radiations as described elsewhere. 13 The dead time losses were <10% for all studies. After completion of the MBF experiments, patients underwent a "F-fluoro-2-deoxyglucose (FDG) PET study. Patients were administered a 50-g glucose PO load 60 minutes before FDG imaging. After the intravenous injection of 0.1 mCi/kg FDG, data were acquired in list mode over 60 minutes. A 20-minute static image recorded 40 minutes after injection was used to define myocardial regions of interest. This image was reconstructed using the same reconstruction procedure as described for the H2`50 study.
Dynamic Reconstruction for FDG
Regions of interest encompassing the anterior, septal, and lateral myocardial walls were drawn manually on three consecutive slices of the FDG image. Another region of interest was drawn in the left ventricular cavity (LVC) of the FDG PET slice, allowing the best visualization.
H2150 time-activity curves were generated in each myocardial region of interest. With the LVC time-activity curve as an input function,14 a standard model'5 with a single tissue compartment and three parameters (K1, k2, and a spillover fraction [fl) was fit to the PET data by minimizing a weighted least-squares criterion. We estimated MBF to be the bloodto-tissue transfer rate constant K1.'5 The Marquardt-type optimizer was always provided with the same parameter initial values: K,= 1.0 mL-min' . mL-1, k2=1.0/min-1, and f,=0.20.
FDG time-activity curves were generated in each myocardial region of interest, the sum of which was the global myocardial activity. Myocardial metabolic rate of glucose (MMRGlu, [,umol . minm * g-1]) was calculated from a threecompartment model for FDG as previously described. 16 The latter consists of FDG in plasma, FDG in tissue, and FDG-6-phosphate in tissue. The first-order rate constants, Kl and k2, refer to forward and reverse transport of FDG across the capillary and sarcolemmal membranes, respectively, whereas k3 refers to phosphorylation of FDG. MMRGlu can be estimated from the following equation:
In this expression, Cp is plasma glucose concentration, and LC is the lumped constant (1.49 in our study). The FDG model was fit to the global myocardial kinetic data to determine the rate constants Kl, k2, and k3.
The ECG was monitored continuously during the examination as well as 30 minutes before and 60 minutes after the PET scan. Blood pressure was measured before injection and every 2 minutes during the examination. The rate-pressure product (heart ratex systolic blood pressure) was defined before glucose loading and during PET studies.
Before (H0) and 60 minutes after glucose loading (H1, just before the FDG injection) and 45 minutes after the FDG injection (H2), blood samples were drawn for measurement of glycemia (G; mmol/L), insulinemia (UI/L), free fatty acids (mmol/L), lactate (mmol/L), and pyruvate (mmol/L).
All subjects underwent a two-dimensional echocardiographic examination to measure septal and posterior wall thicknesses and systolic and diastolic left ventricular diameters.
CTG Trinucleotide Expansion Status in DM Patients
DNA was extracted from peripheral blood samples as previously reported.'7 DNA (10 1.g) was digested with EcoRI following the manufacturer's conditions and electrophoresed on agarose gel (0.8%) for 48 hours. The DNA fragments were transferred to Hybond N membrane (Amersham). Filter was hybridized to the (a-32P)-dCTP-labeled cDNA25 probe (3) at 65°C for 18 hours. Before autoradiography, the filter was washed to a final stringency of 0.1 x SSC, 0.1% SDS at 65°C for 10 to 30 minutes.
Statistical Analysis
All parameters were expressed as mean+SD values. Parameters were compared between control subjects and patients using nonparametric tests (Kruskal-Wallis). Two-way ANOVA was used to compare between-group repeated measures. Statistical significance level was set at .05. The correlation between the size of the mutation and PET parameters and biochemical variables were studied using the linear regression model. Four patients had both first-degree atrioventricular and complete bundle-branch blocks (patients 2, 6, 7, and 10). Two patients had isolated first-degree atrioventricular block (patients 5 and 9), and one patient had complete bundle-branch block. One patient (4) had dilated left ventricular cavity with normal contraction function.
Results Table 1 is a summary of main characteristics of patients, including age, sex, PR and QRS durations on a 12-lead ECG, septal and posterior wall thicknesses, and systolic and diastolic diameters on two-dimensional echocardiography. Five patients with DM had firstdegree atrioventricular block; of the five, four had left bundle-branch block, and three had isolated left bundle-branch block. Septal and posterior wall thicknesses were normal in all subjects. Only one patient had moderate left ventricular dilation, and none of them had altered left ventricular systolic shortening.
Biological parameters for both patients and control subjects are given in Table 2 . Baseline (H0) measurements of glycemia, free fatty acids, lactate, and pyruvate were not statistically different between the two groups, although free fatty acid levels were slightly higher in patients with DM than in control subjects. Plasma levels for insulin were significantly higher in patients than in control subjects. During the glucose loading test, glycemia rose significantly in both groups, as expected. This increase in blood glucose was not different for patients and control subjects. Similarly, free fatty acid, insulin, lactate, and pyruvate variations during the glucose loading test were not statistically different for the two groups.
The rate-pressure product was not different for patients and control subjects at baseline and during PET studies. Table 3 gives individual values of PET parameters for control subjects and patients. We found a dramatic decrease in MMRGlu in the patients. Similarly, the Mean±SD values for both control subjects and patients for biological parameters recorded before (H0) and 60 minutes (H1) after glucose loading (50 g PO) and 45 minutes (H2) after '8F-fluoro-2-deoxyglucose injection. Comparisons were made by ANOVA.
During glucose loading, blood levels of glucose increased significantly (vs baseline) in both groups, and the variations were not significantly different between the two groups. Plasma levels of insulin were significantly higher at each time in patients with myotonic dystrophy than in control subjects, and the variations within subjects were not statistically different compared with baseline. Free fatty acid plasma levels were slightly higher in patients than in control subjects; however, the difference failed to reach statistical significance. .03 NS NS NS FV indicates left ventricle activity; Kl, k2, and k3, blood-to-tissue transfer rate constant, tissue-to-blood transfer rate constant, and glucose phosphorylation rate constant, respectively; and MBF, myocardial blood flow assessed by positron emission tomography and expressed in mL min-m * cm-3 (of myocardial tissue).
Myocardial metabolic rate for glucose (MMRG1u) and k3 in patients with myotonic dystrophy are significantly decreased compared with control subjects (Kruskal-Wallis tests).
phosphorylation rate constant of glucose was significantly lower in patients than in control subjects. However, Ki and k2 rate constants did not differ between patients and control subjects.
No correlation was found between either MMRGlu or k3 and left ventricular ejection fraction, echocardiographic wall thicknesses, left ventricular systolic and diastolic diameters, and PR and QRS durations at ECG in patients.
To assess the possible relation between the length of the CTG repeat and the decreased myocardial glucose phosphorylation observed in patients, Southern blot analysis was performed. The expansion of the (CTG) repeat was investigated in EcoRI digested genomic DNA extracted from lymphocytes of patients with DM by hybridization with cDNA25 (Fig 1) . As previously reported,2.3'18-22 a smear of hybridization of the enlarged fragments, reflecting the mitotic instability, was observed. The average size of the amplification varied from -300 pb to 3500 pb (Table 3) .
MMRGlu and k3 were inversely correlated to the size of the DNA mutation (r= -.65 and P=.03, and r= -.85 and P=.001, respectively) (Fig 2) . On the other hand, the number of CTG triplet repeats was not linked to the Ki and k2 rate constants, to the biochemical variables, or to the ECG and two-dimensional echocardiogram parameters. Also, neither MMRGlu nor k3 correlated with biochemical, ECG, and echocardiographic variables. Discussion
The aim of the present study was to investigate myocardial glucose utilization in patients with DM. We used the method validated by Choi et al'5 for estimating the regional parameter of the MMRGlu with PET. This method allows an accurate estimation of myocardial glucose rate even with poor myocardial uptake of FDG.
All subjects were studied under the condition of standardized enhanced myocardial glucose consumption.
We demonstrated that DM is associated with a decrease in myocardial glucose consumption as it has been observed for brain glucose uptake. tients and control subjects in our study. Thereafter, the observed reduced myocardial glucose consumption in patients with DM is not related to impaired MBF. Moreover, since septal and posterior wall thicknesses were normal in all subjects, it seems unlikely that myocardial capillary areas are reduced in patients with DM in our study.
Similarly, since there was no difference between patients and control subjects in plasma levels of glucose and free fatty acid, one can suggest that the energetic substrate delivery to the heart may not be impaired in our patients. The increased plasma levels of insulin that we observed give evidence of whole body insulin resistance in patients with DM as previously described.24 It should also be emphasized that as far as myocardial oxygen demand is concerned, the rate-pressure product did not differ between patients and healthy subjects.
Consequently, the most probable explanation for decreased glucose consumption by the heart in these subjects is a primary abnormality of glucose utilization by cardiac tissues. A strong decrease in myocardial glucose phosphorylation rate constant occurred in kinetic studies with patients with DM. This latter may explain the reduction in myocardial glucose metabolic rate and is unrelated to myocardial perfusion and energetic substrate delivery to the heart. A fairly large k3 variance was observed in our study, with some control values close to 0. However, our results are conservative in that a smaller data variance and/or higher k3 value in some control subjects would lead to an even more significant difference between control subjects and patients in k3.
The kinetic studies of glucose transport across the cell membrane in the brain showed a reduction in the blood-to-tissue transfer rate constant Ki in patients with DM compared with control subjects.9 However, in the present study, at the level of the heart the constant Kl did not differ between patients and healthy subjects. Therefore, the impairment of myocardial glucose utili- Plots of inverse linear relation between the mutation length (pb) and the myocardial metabolic rate for glucose (MMRGIu; gmol* min-1 * g-') and the phosphorylation rate constant k3 (r=-.65, P=.03, and r=-.85, P=.001, respectively) in patients with myotonic dystrophy. The mutation length was available for 1 1 of 12 patients. zation in DM is not related to an alteration of the rate constant KI. However, the brain phosphorylation rate constant of glucose (k3) is not reduced in patients with DM in the study of Fiorelli et al. 9 The discrepancy between the brain and the heart glucose utilization abnormalities probably results from different carbohydrate metabolism mechanisms. Moreover, the DM mutation displays pronounced heterogeneity in somatic cells.25 This tissue heterogeneity of the CTG expansion within patients suggests that the correlation between the expansion and k3 should be stronger if cardiac tissue DNA were available for analysis.
The decreased myocardial phosphorylation rate constant of glucose observed in our study may be compared with the impairment of the phosphorylation of erythrocyte membrane proteins previously described in patients with DM.26 These abnormalities may be related to 150 kb protein kinase defects and are consistent with the recent demonstration of the molecular defect in DM. Indeed, the mutation is an expansion of a CTG trinucleotide repeat in the 3' untranslated region of a gene encoding a member of the protein kinase family.2'3 In our patients with DM, the reduction in k3 and MMRGlu is inversely linked to the number of CTG triplet repeats. The latter result argues in favor of the primary deficiency in protein kinase activity in the heart, which is responsible for decreased myocardial glucose utilization with increased glucose heart demand. Thus, such an impaired modulation of a protein kinase involved in the activation of the myocardial hexokinase may account for the cardiac manifestation and may provide a pathophysiological schema to relate the molecular defect and the abnormal myocardial metabolism in DM.
